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Abstract—This paper investigated the performance of PVD-
TiAlN coated carbide end mills in milling AISI D2 hardened steels 
with a hardness value of HRC 58-62.The effect of cutting speeds on 
the tool wear, tool life and surface finish of machined workpiece 
were examined. Cutting tests were performed with constant depth of 
cut (0.5mm) and feed rate(0.05mm/tooth), and at various cutting 
speeds (80, 100 and 120 m/min) and radial depth of cuts (3, 4 and 5 
mm) to investigate the performance of the insert under dry cutting 
condition. The PVD TiAlN coated carbide insert performs 
satisfactory under the conditions tested, as reasonable tool life is 
recorded. By relating the machining tests and tool life curves, the 
wear behavior of the coated insert was described. It is observed that 
wear of the tool mainly occurred on the flank wear. Detail studies 
revealed that the workpiece tends to adhere onto the rake face 
without any severe crater wear. Abrasion still occurred although 
TiAlN coatings are known to have high resistance to abrasive and 
crater wear due to their higher hot hardness and oxidation resistance. 
The findings are significant because previously only ceramic and 
cubic boron nitride (CBN) inserts are successfully used for 
machining. The lower cost of TiAlN coated tungsten carbide can 
result in significant economic savings. 
 From the result it showed that tool life and the volume of material 
removal decreased as cutting speed and radial depth of cut increased 
due to higher temperature and contact area, respectively. The highest 
tool life recorded for TiAlN-PVD coated endmills was 9.68657 min 
and volume material removal (VMR) was 462.5 mm3 for 1850 mm 
of length of cut at the lowest cutting speed of 80 m/min, radial depth 
of cut of 3mm and feed of 0.05 mm/tooth.  
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I. INTRODUCTION 
ARDENED steel AISI D2 has widely applied in the 
moulds and dies industry.  Due to its wide applications, 
various researchers such as Arsecularatne et al [1] and 
Ezugwu et al [2] investigated its machinability with various 
cutting tools. The good corrosion resistance, wear resistance 
and good stability in hardening allow hardened steel AISI D2 
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to be widely used in the production of moulds and dies.  
These moulds and dies need conventional method requires 
secondary process such as grinding and finishing processes to 
improve surface finish and dimensional accuracy. However, 
with the advances in cutting tool materials, the machining with 
ceramic or CBN tool is usually recommended for machining 
material with hardness of HRC 45 and above. It could produce 
good surface finish, hence, eliminate the secondary process. 
Balakrisnan [3] using whisker reinforced ceramic insert which 
is normally applicable to nickel based alloys. The effect of 
tool geometries when machining hardened tool steel with 
ceramic inserts was also studied in detail by Venkatesh et al. 
[4] and Kevin Chou and Song [5]. However, the coat 
associated with these insert materials is reasonably high. 
From the literature reviewed, coated carbide tools are 
commonly used in machining. A wide variety of coated 
carbide inserts were tested by researches such as Lim et al [6], 
Noordin et al [7], and Che Haron et al. [8], where the benefits 
and limitations of coated carbide during machining are 
understood. However, a little study in application of coated 
carbide inserts for hard milling. With the current improvement 
in coating technology and material, coated carbide tools which 
are relatively lower in cost are seen as possible replacement 
for ceramic tools during machining, especially so when the 
workpiece hardness more than HRC 45.Nowadays, most of 
the carbide tools are coated whether with CVD or PVD hard 
coatings. PVD-TiAlN coated carbide tools are used frequently 
in metal cutting process due to their high hardness, wear 
hardness and chemical stability, they offer benefits in terms of 
tool life and machining performance [9], [10]. 
The high potential to increase the cutting performance of 
coated tools by appropriate alterations of the Physical Vapour 
Deposition (PVD) process parameters, gains a wide interest. 
The present investigation was therefore undertaken to make an 
assessment of the performance of PVD TiAlN coated carbide 
in machining AISI D2 hardened steel at various cutting 
speeds. The effect of varying cutting speeds on tool wear, tool 
life and surface finish of the machined workpiece were 
investigated.  
II. EXPERIMENTAL SETUP AND PROCEDURE  
In this study, AISI D2 hardened steel was selected as a 
workpiece material since it is the most commonly used grade 
in the moulds and dies industries applications. The chemical 
composition and physical properties of AISI D2 hardened 
steel material are shown in Table I and II, respectively. The 
workpiece was a rectangular plate of 140mm X 50mm with 10 
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From the experimental results, tool life chart and volume 
material removal (VMR) chart of nine trials at various cutting 
speeds and radial depth of cuts are shown in Fig. 2 and Fig. 3, 
respectively. From tool life bar charts, it can be seen that the 
tool life increased with decreasing cutting speed. The highest 
tool life is at trial number 9 where its cutting speed 80m/min 
and radial depth of cut 3mm. While the lowest tool life is at 
trial number 4 where its cutting speed 120 m/min and radial 
depth of cut 4 mm. This is similar to the trend obtained by 
Venkatesh [15] and others when investigating tool life of 
carbide tools. From the VMR bar charts, trial number 5 
reached the highest volume removal, VMR among the others 
which was 462.5 mm3 with total length of cut, LOC as shown 
in Table III. Moreover, trial number 8 reached the second 
highest volume material removal which was 425 mm3 with 
total length of cut of 1700mm. However, trial number 4 
reached the lowest volume material removed among the others 
which was 337.75 mm3 with total length of cut of 1350 mm. 
From Fig. 3 and Fig. 4, it can be seen that the effect of cutting 
speed and radial depth of cut are both significant. 
 
 
Fig. 3 Tool life versus trial no 
 
 
Fig. 4 Volume material removal (VMR) versus trial no 
B. Tool Wear and Wear Mechanisms 
The most common wear form observed on worn KC 1010 
inserts is the flank wear. However, their magnitude or width of 
the wear varies with different cutting conditions due to effect 
of different cutting speeds and radial depth of cut. At 
maximum cutting speed, the inserts tend to fracture easily. 
Ridges and grooves are observed on the flank wear land at 
various cutting conditions indicating that the flank wear 
experienced mainly abrasive wear caused by hard particle 
from both the tool and workpiece [14]. Abrasion is probably 
significant during initial cutting and after the coating is worn 
off.  
Once the substrate exposed, the workpiece impinged on the 
coating and the flank wear land grew downwards. On the rake 
face, results from scanning electron microscope (SEM) in Fig. 
5(a) and energy dispersive analysis by X-ray spectroscopy 
(EDAX) indicated that the coating material had been abraded 
by the end of cut in Fig. 5(b). As the coating is worn off, the 
tool wear is accelerated with abrasion, adhesion and diffusion 
coming into picture causing the insert to weaken and fail. Fig. 
6 shows the rake face of a worn insert which was exposed to 
diffusion and abrasion after the coating is worn off. 
 
 
(a) 
 
 
(b) 
Fig. 5 EDAX analysis showing no presence of coating material 
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